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Although the use of both loci for each antigen receptor
chain, as well as the process of receptor editing, allows
developing lymphocytes multiple opportunities to com-
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plete an in-frame antigen receptor, the majority ofUniversity of Pennsylvania
lymphoid cells fail. Cells that do not generate in-framePhiladelphia, Pennsylvania 19104
antigen receptors do not receive developmental cues,
such as those generated by the pre-T cell receptor or
the pre-B cell receptor; fail to move forward in theirApoptosis plays a critical role in lymphocyte develop-
differentiation; and instead undergo programmed cellment and homeostasis. Enhanced lymphocyte apo-
death (Sebzda et al., 1999; Melchers et al., 2000).ptosis can cause immunodeficiency through cell loss.
Cells that do successfully rearrange and express anConversely, inhibition of apoptosis can lead to the
antigen receptor are subsequently subjected to bothdevelopment of autoimmunity or lymphoma. Two ma-
positive and negative selection to ensure that a func-jor pathways contribute to the regulation of lympho-
tional receptor exists while eliminating cells with autore-cyte cell death, death-by-neglect and death-by-
active receptors. The mechanisms of these develop-instruction.
mental selections are complex but are beginning to be
unraveled. T cells fail to be positively selected as aA number of specific genetic lesions have now been
consequence of low avidity of interaction between theidentified that affect lymphoid cell death regulation and
newly generated TCR and endogenous major histocom-lead to diseases of the immune system. Mutations that
patibility complex molecules (MHC). In the absence ofimpair survival signals through cytokine receptors can
this interaction, developing T cells fail to differentiatelead to excessive cell death, resulting in Severe Com-
and undergo apoptosis. If TCR/MHC interaction is toobined Immunodeficiency (SCID). In contrast, chromo-
avid, such as may occur with autoreactive T cells, T cellssomal translocations of Bcl-2 that result in Bcl-2 overex-
are eliminated by negative selection. Developing autore-pression inhibit cell death and lead to cell accumulation
active B cells also face negative selection if B cell recep-and development of follicular lymphoma. Mutations in
tor interactions with antigen generate excessive cell sur-the death receptor Fas (CD95/APO-1) result in increased
face cross-linking. The mechanisms of cell death duesurvival of activated lymphocytes and the development
to negative selection are not certain, but recent evidenceof Autoimmune Lymphoproliferative Syndrome (ALPS).
has suggested the induction of the nuclear steroid hor-The study of these and related mutations has illustrated
mone receptor Nur77 through Cabin1 and MEF2 (Younthe importance of cell death in the immune system and
and Liu, 2000) and its inhibition by Notch (Jehn et al.,has identified molecular pathways critical in the regula-
1999) may regulate negative selection. Although Nur77tion of lymphocyte apoptosis. The aim of this review
is thought to be a transcription factor that may modifyis to summarize current findings on two of the major
apoptosis through a transcriptional program, it has re-pathways of cell death in the immune system, (1) death
cently been shown to participate in apoptosis throughas a result of loss of signal transduction that promotes
its ability to translocate to the mitochondria and promotecell survival (death-by-neglect), and (2) death as a result
cytochrome c release (Li et al., 2000). In addition, tran-of receptor-initiated signal transduction (death-by-
scription of the Bcl-2-related BH3 protein Bim in re-
instruction), and to discuss their significance to lymphoid
sponse to strong TCR signals is essential for proper
development and homeostasis.
negative selection, since the deletion of autoreactive
thymocytes is defective in Bim/ mice (Bouillet et al.,
Cell Death in the Immune System 2002). (For detailed information on lymphocyte develop-
Apoptosis in Lymphocyte Development ment and selection, please see Sebzda et al., 1999;
Lymphocytes are subject to cell death checkpoints at Melchers et al., 2000.)
many points during their lifespan to ensure proper devel- In addition to antigen receptor selection events in the
opment, maintain homeostasis, and prevent disease bone marrow and thymus, developing lymphocytes also
(Figure 1). The majority of developing lymphocytes fail require signals from cytokine receptors for survival
to successfully complete their differentiation. During (Baird et al., 1999). Cytokine receptors containing the
lymphoid development, each cell must create a unique common  chain (C) are thought to be critical for main-
antigen receptor to provide antigen specificity to the taining survival of lymphoid cells because deficiency in
adaptive immune system through the stochastic recom- C or the C-associated kinase, Jak3, causes a SCID
bination of V, D, and J gene segments for T cell receptor phenotype. In humans, this form of SCID is character-
(TCR)  and immunoglobulin (Ig) heavy chain (HC), or V ized by a profound loss of T cell development with nor-
and J gene segments for TCR  and Ig  and  light mal numbers of B cells. Mice made deficient in C or
chains (LC) (for review see Bassing et al., 2002 [this Jak3 are also immunodeficient, but in this case, both
issue]). A consequence of this random genetic recombi- T and B cell development are affected. T and B cell
nation is that two out of three junctions of the coding development also fail to occur in the absence of the 
region are not joined in-frame for proper translation. chain of the interleukin-7 receptor (IL-7R) (Puel et al.,
1998). Based on the association of C with IL-7R and
the similar phenotypes caused by these deficiencies,1Correspondence: drt@mail.med.upenn.edu
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Figure 1. Apoptosis in the Immune System
T and B lymphocytes undergo apoptosis (red X) in many instances in their development, homeostasis, and activation. Lymphocytes die in
development if they fail to locate or compete for cytokines, fail to properly rearrange an antigen receptor (TCR or sIg), fail to be positively
selected, or are negatively selected. In the periphery, resting lymphocytes are eliminated from or fail to enter the long-lived recirculating pool
if they fail to locate or compete for extrinsic signals. Upon encounter with antigen in the periphery, T cells can undergo receptor-induced cell
death. B cells that bind and present antigenic peptides on major histocompatibility molecules (MHC) to T cells can also undergo receptor-
induced apoptosis. Germinal center B cells that lose affinity for the selecting antigen or gain autoreactive specificity are also eliminated. In
addition, lymphocytes that fail to become memory cells after antigen clearance are eliminated.
SCID caused by C or Jak3-deficiency is thought to be to come from cell surface antigen receptors. Naive
T cells adoptively transferred to MHC-deficient recipi-the result of a requirement for IL-7 in lymphocyte devel-
opment. This requirement appears to be due, at least ents have a significantly shortened lifespan, suggesting
that the TCR requires continual low-affinity MHC-inter-in part, to the ability of IL-7 to promote cell survival,
because prevention of cell death by expression of Bcl-2 actions even in the absence of specific antigen (Marrack
et al., 2000). Interpretation of these experiments, how-in IL-7R-deficient mice rescues the ability of T cells to
differentiate (Baird et al., 1999). ever, has been complicated by the difficulty in dissecting
the relative effects of cell death and homeostatic prolif-The Role of Apoptosis in Maintaining Peripheral
Immune Homeostasis eration of adoptively transferred T cells in lymphopenic
recipients. Nevertheless, shortened T cell lifespan, par-In the periphery, lymphocyte numbers are tightly regu-
lated and, despite periodic expansion during immune ticularly for CD8 T cells, in mice subject to conditional
ablation of the TCR  chain gene indicate that TCRresponses, remain relatively constant in mature animals.
This is accomplished by balancing production of newly must be present on naive T cells to maintain their long-
term survival (Polic et al., 2001). Conditional gene tar-matured cells in the bone marrow and thymus and pe-
ripheral lymphocyte expansion with cell death. While geting of cell surface Ig (sIg) in B cells also results in
rapid B cell elimination (Lam et al., 1997). In addition,export from the thymus appears to roughly correlate
with entry into the recirculating pool of T cells, B cell cytokines play an important role by providing extrinsic
signals that promote mature lymphocyte viability. A vari-export from the bone marrow is thought to greatly ex-
ceed the number of cells that survive to enter the recircu- ety of cytokines can rescue T cell survival in vitro (Mar-
rack et al., 2000). In vivo, however, only IL-7 has beenlating pool. To account for this discrepancy, an antigen
receptor-mediated selection event has been proposed shown to play a critical role in mediating survival of naive
T cells (Schluns et al., 2000; Tan et al., 2001).to determine which B cells survive and recirculate
(Tough and Sprent, 1995). Once they enter the recirculat- Regulation of Apoptotic Susceptibility
during an Immune Responseing pool, resting lymphocytes have a long in vivo lifespan
of a month or more. If cells are removed from spleen In an immune response, antigen-specific lymphocytes
proliferate extensively, with doubling times as fast as 7or lymph node and placed in tissue culture, however,
lymphocyte half-life is shortened to approximately 1 day. hours. It is vital, therefore, that checkpoints are in place
to ensure only appropriate lymphocytes are allowed toThis difference reflects the dependence of lymphocytes
on cell-extrinsic signals available in vivo to maintain their survive and proliferate upon antigen encounter and that
proliferation of autoreactive cells is aborted. An initialviability.
A critical signal for naive T and B cell survival appears checkpoint to ensure that only pathogen-specific lym-
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phocytes are allowed to proliferate is the requirement all lymphocytes for cell death at the end of an immune
for costimulation. When costimulation is absent or insuf- response.
ficient, lymphocytes fail to fully activate and undergo Although antigen-receptor engagement and cytokine
apoptosis at a high rate (Burr et al., 2001). The primary signal transduction are required to prime lymphocytes
costimulatory molecule for resting T cells is CD28, while for cell death, the mechanism by which excess cells
B cells utilize the CD19/CD21 complex and CD40. In are eliminated is controversial. The removal of antigen-
addition to increasing cellular activation signaling path- specific cells at the end of an immune response has
ways, costimulation is important to prevent apoptosis. been reported to involve both death receptor-induced
CD28, CD19 and CD40-derived signals are potent in- apoptosis and death-by-neglect. Directed cell death
ducers of the antiapoptotic protein Bcl-xL. Costimula- through Fas may allow cells in lymphoid organs that are
tion also promotes increased cytokine production, such responding to new antigenic challenge to eliminate cells
as IL-2 or IL-4, which further increases cell signaling left over from prior immune responses and thus make
and expression of survival promoting genes. room for proliferative expansion of more recently acti-
Tumor necrosis factor (TNF) receptors are also impor- vated cells (Van Parijs et al., 1999a). In contrast, other
tant regulators of lymphocyte proliferation and survival. cells appear to die as a result of the loss of the survival
In addition, deficiency in individual TNF receptor family signals after antigen clearance and the decline in inflam-
members, including Fas, can result in abnormal lymphoid matory cytokines. In support of the latter model is the
development, impairment in formation of peripheral lym- observation that the death of activated proliferating cells
phoid organs, and autoimmune disease (Krammer, can be prevented by treatment with a variety of cyto-
2000). Studies of ALPS patients with Fas deficiency and kines, including IL-2, TNF, the type I interferons, and
of the murine lymphoproliferation (lpr) mutation of Fas members of the C family (Marrack et al., 2000).
and generalized lymphoproliferative disorder (gld) muta- Preventing Apoptosis Is Essential for the
tion of Fas ligand (FasL) have demonstrated the essen- Maintenance of Immunologic Memory
tial role of Fas in regulating the immune response. Each Not all cells produced during an immune response un-
of these diseases is characterized by splenomegaly and dergo apoptosis. Some persist and become long-lived
lymphadenopathy accompanied by accumulation of un- memory cells. Like naive T cells, memory T cells con-
usual CD4CD8 T cells. In addition, ALPS patients and tinue to require the presence of extrinsic signals to main-
lpr or gld mice produce a repertoire of autoantibodies tain their viability, but these signals appear to be differ-
similar to that found in human systemic lupus erythema- ent than those required by naive cells. Current evidence
tosus (SLE), including anti-nuclear and anti-DNA auto- suggests that the survival of memory T cells is not de-
antibodies (Straus et al., 1999). Interestingly, penetrance pendent on persistent antigen. In fact, memory T cells
of disease in Fas deficiency depends heavily on the are less dependent on antigen receptor engagement
genetic background, in both humans, where the identi- for survival than naive T cells. Instead, cytokines are
cal mutation may cause ALPS in only one of two siblings, important in maintaining memory T cell viability. The
and in mice, where wide differences in the severity of C cytokine IL-15, for example, has been implicated in
disease are observed in different inbred strains. These preserving long-term memory cells (Ku et al., 2000) and
genetics suggest that regulation of Fas activity is com- memory CD8 T cells are not maintained in IL-15-deficient
plex. Indeed, depending on poorly defined cofactors, mice (Lodolce et al., 1998).
Fas has been shown to induce either apoptosis or to
provide costimulation to activated T cells (Kennedy et
Pathways of Apoptosis in the Immune Systemal., 1999; Chun et al., 2000; Kataoka et al., 2000; Kram-
Neglectmer, 2000). In addition, deficiency of the Fas signal trans-
The cell deaths described above can be classified intoduction molecule FADD both inhibits apoptosis and po-
two general categories, death resulting from the losstently impairs lymphocyte activation and proliferation
of extracellular survival signals (death-by-neglect) and(Zhang et al., 1998). It remains unclear whether the im-
death caused by receptor-initiated signal transductionmunologic abnormalities observed in Fas deficiency in
(death-by-instruction). Cells that are denied access tovivo result from either the proliferative and/or apoptotic
extrinsic signals that can maintain their viability are con-defects.
sidered neglected. This is the case for lymphocytes thatActivation May Establish Subsequent Apoptotic
fail to generate an in-frame antigen receptor during de-Sensitivity during an Immune Response
velopment, that fail to locate or compete for sufficientThe vast majority of lymphocytes generated by antigen-
cytokines or antigen receptor ligands in developmentspecific activation and expansion are eliminated by apo-
and in the periphery, or that lose affinity for the selectingptosis. Clonal expansion of lymphocytes is dependent
antigen during somatic hypermutation. In addition, acti-on cytokines, such as IL-2. Paradoxically, however,
vated lymphocytes can also undergo death-by-neglectT cells require the autocrine growth factor IL-2 to be-
after antigens and inflammatory cytokines are clearedcome sensitive to death in the latter phase of an inflam-
at the end of an immune response. In each instance,matory response and IL-2 deficiency results in accumu-
cell death is preceded by the loss of a positive extrinsiclation of activated lymphocytes and autoimmunity (Van
signal rather than the presence of a negative signal. CellParijs and Abbas, 1998). T cells become increasingly
death as a result of neglect occurs after the loss ofsensitive to Fas-induced cell death, as opposed to Fas-
mitochondrial homeostasis.induced costimulation, beginning several days after TCR
Neglected lymphocytes undergo a variety of physio-activation. Likewise, B cells are sensitized to cell death
logical responses prior to their commitment to cell deathby activation (Berard et al., 1999). This suggests that
antigen receptor engagement may preprogram some or that may contribute to mitochondrial dysfunction. The
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primary effect of the loss of extrinsic signals is the failure The Bcl-2 Family Regulates Mitochondria
and Death-by-Neglectto maintain anapleurosis, the term given to biosynthesis
The extrinsic signals that prevent lymphoid cell deathreactions that maintain the trophic state of the cell. In the
in vivo are tissue specific and limiting. This preventsabsence of extrinsic signals, cells atrophy in a manner
the accumulation of excess lymphocytes, ensures cellcharacterized by decreases in cell size and protein con-
survival can only occur in proper locations, and main-tent (Rathmell et al., 2000) and loss of cellular ATP (Whet-
tains lymphoid homeostasis (Conlon and Raff, 1999).ton and Dexter, 1983; Vander Heiden et al., 1999). In
The antiapoptotic molecule Bcl-2, however, is capableaddition, neglected cells have delayed entry into the
of preventing neglect-induced mitochondrial damagecell cycle, possibly because they lack the bioenergetic
and ROS production (Desagher and Martinou, 2000) andcapacity for rapid growth (Rathmell et al., 2000). This
thus inhibits cell death-by-neglect. Transgenic animalsmay suggest that lymphocytes are dependent on extra-
expressing Bcl-2 or its antiapoptotic homolog Bcl-xL incellular signal transduction to maintain transcription and
lymphocytes accumulate greatly increased numbers oftranslation at levels to maintain replacement biosynthe-
T or B cells, depending on the cell type targeted forsis. Such a relationship fails to explain, however, why
transgene expression. This increase in cell numbers iscellular ATP levels fall upon growth factor withdrawal
gene-dose dependent (Rathmell et al., 2000) and con-and why mitochondria would be susceptible to these
sists of both resting and memory phenotype lympho-changes.
cytes. When Bcl-2 or Bcl-xL are removed by gene tar-It is possible that changes in nutrient uptake during
geting, lymphocyte survival is severely affected, withneglect ultimately doom mitochondria. For example, re-
mature cells failing to survive in the absence of Bcl-2duced glucose metabolism in neglected and atrophic
and immature cells failing to survive in the absence ofcells appears to be a general finding and has been re-
Bcl-xL (Ranger et al., 2001). Despite the ability of Bcl-2ported in a variety of cell types, including nerve growth
and Bcl-xL to prevent death upon neglect, however,factor-deprived or axotomized neurons (Deckwerth and
these genes cannot prevent the cellular atrophy thatJohnson, 1993), serum-withdrawn fibroblasts (Gottlob
accompanies neglect (Rathmell et al., 2000). Neglectedet al., 2001), IL-3 deprived hematopoietic cells (Vander
lymphocytes kept viable by Bcl-xL expression either inHeiden et al., 2001), and primary lymphocytes cultured
vitro or in vivo in transgenic animals are decreased inin the absence of cytokines, such as IL-4 and IL-7 (Rath-
size, have reduced ATP content, have greatly diminishedmell et al., 2001). The loss of glucose metabolism is due,
glycolytic rates, and are slow to enter the cell cycle uponin part, to the downregulation of the glycolytic enzymes
mitogenic stimulation.hexokinase and phosphofructokinase (Gottlob et al.,
BH3 Proteins as Signaling Molecules2001; Vander Heiden et al., 2001). Expression of the
The ability of Bcl-2 family members to control mitochon-Glut1 glucose transporter is also lost during neglect
drial integrity is regulated by the BH3 family of proteins.(Rathmell et al., 2000). Other metabolic events that can
BH3-only proteins are diverse and unrelated to the otheroccur during neglect include a diminished cellular redox
members of the Bcl-2 family, with the exception of thepotential and inability to properly regulate reactive oxy-
small conserved helical domain termed BH3. In healthygen species (ROS) generation and activity. If ROS are
cells, BH3-only proteins are either sequestered in aneliminated by addition of an electron scavenger, acti-
inactive form or not expressed. Upon neglect, however,vated T cells are protected from death-by-neglect after
they can become activated or induced to regulate theantigen clearance in immune responses (Hildeman et
function of Bcl-2 family members. Several of these mole-al., 1999).
cules contribute to the regulation of cell survival in he-If extrinsic signals are not restored, mitochondria suf-
matopoietic cells. The BH3-only molecule Bad is regu-fer irreparable damage resulting in release of the con-
lated by cytokines and may play a role in activatingtents of the mitochondrial intermembrane space, includ-
or enhancing apoptosis in cells removed from required
ing the proapoptotic molecules cytochome c, Apoptosis
cytokines. In the presence of cytokines, Bad is phos-
Inducing Factor (AIF), SMAC/DIABLO, endonuclease G,
phorylated by kinases such as Akt, PKA, and Rsk and
and Omi/Htra2 into the cytoplasm (Matsuyama and is sequestered by 14-3-3 proteins in the cytosol (Huang
Reed, 2000; Li et al., 2001; Suzuki et al., 2001). Once in and Strasser, 2000). Upon removal of cytokine, Bad is
the cytoplasm, cytochrome c can activate caspases to dephosphorylated and translocates to the mitochon-
initiate a proteolytic cascade that provides the morphol- dria, where it binds Bcl-2 and Bcl-xL and inhibits their
ogy of apoptosis. Caspases are not required for cell antiapoptotic function.
death, however, because inhibition of caspase function Deficiency in the BH3-only protein Bim has striking
does not block cell death-by-neglect (Xiang et al., 1996; effects on the immune system that indicate it is a critical
McCarthy et al., 1997; Hildeman et al., 1999). Rather, signaling molecule to induce cell death in neglect. Bim
cells are committed to death by mitochondrial damage is produced as three alternatively spliced products from
itself and the consequences of the failure to carry out the same gene, BimEL, BimL, and BimS (O’Connor et al.,
oxidative phosphorylation and the attendant decline in 1998). While each can promote apoptosis when overex-
ATP and redox potential. The role for metabolic regula- pressed, BimS is the most potent. BimS is constitutively
tion of cell death in neglect is supported by the ability proapoptotic, but BimL and BimEL can be expressed in
of constitutive Glut1 and hexokinase expression to delay healthy cells and are found in resting lymphocytes
cell death upon removal from extrinsic signals (Gottlob bound to the dynein motor complex of the cytoskeleton
et al., 2001; Vander Heiden et al., 2001) and the inhibition (Puthalakath et al., 1999). Bim is required for efficient
of cell death-by-neglect of activated cells with ROS death-by-neglect, because Bim/ mice have lymphoid
hyperplasia, and lymphocytes display partial resistancescavengers (Hildeman et al., 1999).
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to death-by-neglect (Bouillet et al., 1999). In addition to oligomerize in response to apoptotic stimulation (Wei et
al., 2001). Bax has been recently been shown to becomeits role in the immune system, Bim regulates other cell
deaths. The cell deaths observed in multiple tissues of activated and change conformation when cytokines are
withdrawn from dependent cell lines, glucose is re-Bcl-2/ mice also require Bim activity, because Bim
deficiency can rescue some aspects of Bcl-2-deficiency moved from the culture media of lymphoid cells, or cells
are treated with TNF (Perez and White, 2000; Vander(Bouillet et al., 2001).
Bim must localize to intracellular membranes to regu- Heiden et al., 2001). Little is known about what initiates
Bax translocation to the mitochondria, but translocationlate Bcl-2 and Bcl-xL, and this can occur through two
mechanisms. Upon apoptotic stimuli, BimL and BimEL is inhibited by the prosurvival kinase Akt (Yamaguchi
and Wang, 2001).are released from the cytoskeleton and bind to Bcl-2
and Bcl-xL on mitochondria and other intracellular mem- The role of Bax and Bak in the regulation of death-by-
neglect and loss of mitochondrial homeostasis has beenbranes (Puthalakath et al., 1999). Bim is also induced
transcriptionally upon neglect. In the presence of extrin- demonstrated in mice deficient in these genes. Despite
their potent ability to promote cell death, individual Baxsic signals, Akt phosphorylates and sequesters Fork-
head transcription factors. When cells are neglected, and Bak knockout mice have remarkably little immune
phenotype. Bax-deficient mice have mild lymphoid hyper-however, Akt becomes inactive and Forkhead transcrip-
tion factors become dephosphorylated and can translo- plasia and Bak-deficient mice have no discernable phe-
notype at all (Ranger et al., 2001). In contrast, combinedcate to the nucleus and activate gene transcription.
Forkhead transcription factors induce a variety of genes, deficiency of both Bax and Bak results in the appearance
of multiple phenotypes both in the immune system andincluding Bim (Dijkers et al., 2000; Shinjyo et al., 2001).
It is interesting to note that while neglect and cellular throughout the animal. Thus, the overlapping functions
of Bax and Bak play critical roles in development andatrophy cause Forkhead-dependent induction of Bim to
induce cell death in vertebrates, Forkhead-dependent homeostasis (Lindsten et al., 2000). Most Bax/Bak/
mice do not survive past weaning. Those Bax/Bak/transcription is utilized by C. elegans in response to
starvation to initiate dauer formation and maintain sur- mice that do survive, however, retain multiple tissues
that normally die by neglect, such as interdigital web-vival in reduced metabolic conditions (Vanfleteren and
Braeckman, 1999). These contrasting outcomes sug- bing. In the hematopoietic system, Bax/Bak/ mice
have increased hematopoietic progenitor cells in thegest that rather than activating a pathway to survive in
a metabolically repressed state, vertebrate cells re- bone marrow and white blood cells in the blood. Spleens
and lymph nodes are up to 30-fold enlarged and pro-spond to atrophy by initiating apoptosis.
Bax and Bak Are Required Executioners gressively accumulate T and B cells that express mark-
ers consistent with a memory phenotype. Bax/Bak/in Mitochondrially Induced Apoptosis
The loss of cellular glucose metabolism that occurs in mice also develop lymphocytic infiltrates in parenchy-
mal organs, such as liver and kidney. While peripheralneglect does not by itself account for the death of cells
during neglect. Eukaryotic cells are capable of survival lymphocytes and thymocytes remain sensitive to death
receptor-induced apoptosis, they are resistant to a vari-for prolonged periods of time in the absence of extracel-
lular nutrients. Such adaptations are well established in ety of death stimuli that promote mitochondrially in-
duced apoptosis, including neglect,  irradiation, anda variety of organisms, including yeast and plants, and
involve the use of autophagy to provide a continued treatment with DNA damaging agents. In addition, ex-
pression of activated BH3 proteins, such as Bid, Bad,source of macromolecules for the production of mito-
chondrially derived ATP (Aubert et al., 1996; Johnston, and Bim, fails to kill Bax/Bak/ cells (Cheng et al.,
2001; Wei et al., 2001; Zong et al., 2001).1999). To enforce homeostasis and allow the removal
of unwanted cells, vertebrates have evolved a mecha- These findings have led to a model of how Bcl-2 family
members regulate mitochondrial integrity in the immunenism to eliminate cells that fail to maintain sufficient
signaling from extrinsic signals. This involves the activa- system (Figure 2). The observation that BH3 proteins re-
quire Bak and Bax to cause cell death is revealing for twotion of two Bcl-2 homologs, Bax and Bak, which were
each cloned by association with Bcl-2. Overexpression reasons. First, because all BH3 proteins appear to require
Bax and Bak to induce apoptosis, the similarity of theof either Bax or Bak leads to mitochondrial accumulation
of the proteins and the initiation of apoptosis (Jurgens- immunologic phenotype of Bim/ and Bax/Bak/
mice suggests that Bim is the dominant BH3 protein inmeier et al., 1998). Bax and Bak are widely expressed
and have been shown to promote cell death of lympho- the immune system. However, because Bim deficiency
affords only partial protection to T cells upon neglect,cytes in vitro and upon transgenic expression in vivo
(Brady et al., 1996). while Bax and Bak double deficiency provides complete
protection from neglect, it is likely that other BH3-onlyBax and Bak require activation to disrupt mitochon-
drial integrity. Bax is primarily cytoplasmic in healthy proteins are also involved. Second, the finding that BH3
proteins cannot kill in the absence of Bax and Bak iscells but translocates to mitochondria upon apoptotic
stimuli, such as cellular atrophy and loss of metabolism informative because, despite repeated efforts, Bad and
Bim have not been shown to directly bind Bax and Bak.that occur in neglect (Gross et al., 1998; Nechushtan et
al., 1999). Bak is targeted to mitochondria and exists as Rather, Bad and Bim appear to cause cell death by
binding and inhibiting Bcl-2 and Bcl-xL. Thus, the pri-a monomer or may complex with Bcl-2 or Bcl-xL (Wei
et al., 2001). Recent evidence indicates that Bax and mary function of Bcl-2 and Bcl-xL appears not to inde-
pendently promote mitochondrial homeostasis, butBak exist as inactive monomers or in active multimeric
forms. Bax activation appears to involve a conformation rather to inhibit Bax and Bak activation or mitochondrial
disruption. Bax and Bak, therefore, play required andchange (Nechushtan et al., 1999) while Bak can homo-
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Figure 2. Bcl-2 Family Members Regulate
Mitochondrial Integrity
In the presence of extrinsic signals, kinases
phosphorylate Bad and FKHR to sequester
them to 14-3-3 proteins. In addition, Bim is
bound to the cytoskeleton and Bax is cyto-
solic. Upon loss of extrinsic signals, Bad and
FKHR are dephosphorylated and released
from 14-3-3, Bim is released from the cy-
toskeleton, and Bax changes conformation
and translocates to the mitochondria. FKHR
translocates to the nucleus and initiates tran-
scription of genes including Bim. Bad translo-
cates to mitochondria to promote apoptosis.
At the mitochondria, Bcl-2 or its homolog Bcl-
xL inhibit Bax or Bak oligomerization and
maintain mitochondrial integrity. Bcl-2 and
Bcl-xL may accomplish this by interacting
with Bax and Bak and preventing Bax or Bak
oligomerization or by sequestering BH3 pro-
teins, including Bim and Bad, and preventing
Bim and Bad from promoting Bax or Bak
oligomerization. Expression and activation of
Bax or Bak is required for release of cyto-
chrome c and apoptosis.
redundant roles in the loss of mitochondrial homeostasis plasmic domain of these receptors termed a death do-
main (DD) (Krammer, 2000). DDs are present in Fas andthat occurs in lymphoid cell death during neglect.
The TNF Receptor Family and the Instruction to Die TNFR-1 and are required for cell death induced through
these receptors. Some TNF receptor family members,It is well established that lymphocytes receive extrinsic
signals that instruct them to grow and proliferate. It is such as CD30 and CD40, lack the DD and instead gener-
ally regulate cell activation. However, most individualnow apparent that lymphocytes can receive extrinsic
signals that instruct them to die. Such signals can initiate TNF receptor family members can display both pro- or
antiapoptotic effects, depending on the context. Thisthe elimination of cells that are otherwise healthy and
would survive on their own. Autoreactive lymphocytes, family, therefore, provides a mechanism whereby a sin-
gle receptor can lead to dramatically different outcomes,in particular, are subject to elimination by this mecha-
nism. The primary receptors that initiate these death depending on the cellular circumstances.
Deficiency in Fas or its signal transduction causessignals in the immune system are the members of the
TNF receptor family, such as Fas and TNFR-1. However, autoimmunity in both humans and mice. This indicates
that Fas is important in the maintenance of tolerance. Inthe response of cells to signal transduction through
these TNF family receptors is regulated by cellular acti- humans, loss of the ability to signal through Fas results in
the development of Autoimmune Lymphoproliferativevation. Lymphocytes provided with optimized costimu-
lation can proliferate long-term with minimal cell death Syndrome (ALPS). Thus far, cases of ALPS have been
designated as type Ia, Ib, II, or III, representing molecular(Levine et al., 1997) and costimulation can inhibit Fas-
initiated cell death (Kirchhoff et al., 2000). These findings lesions in Fas, FasL, the protease caspase 10, or unde-
fined, respectively (Wang et al., 1999). Fas is expressedsuggest that Fas signal transduction may act to abort
lymphocyte proliferation upon antigen encounter in the on developing lymphocytes, with highest expression
during T and B cell development and upon activationabsence of sufficient costimulatory signals or cytokines.
In other circumstances, however, costimulation has and in germinal centers. This pattern of expression sug-
gested that Fas may be involved in negative selectionbeen reported to sensitize lymphocytes to Fas-medi-
ated apoptosis or to have no effect on death induction of autoreactive lymphocytes as well as in regulating the
survival of peripheral lymphocytes. The failure to detectthrough Fas (Van Parijs et al., 1996; Boussiotis et al.,
1997). This discrepancy may reflect differential effects significant defects in either T or B cell negative selection
in transgenic models with autoreactive lymphocytes,of costimulation on T cell activation in different experi-
mental systems and suggests that quality of costimula- however, has indicated that the apoptotic function of
Fas in lymphocyte development is not essential (Rubiotion may have multiple effects on T cell survival in vivo,
including Bcl-xL upregulation and regulation of death et al., 1996; Fatenejad et al., 1998). Instead, Fas appears
to selectively regulate peripheral lymphoid apoptosis/receptor sensitivity (Burr et al., 2001). In addition, death
receptor signal transduction is used to eliminate cells activation and its role in lymphocyte development is
uncertain.that have gained autoreactivity in germinal centers due
to somatic hypermutation (Hennino et al., 2001). A great deal has been learned about the signal trans-
duction pathway activated by Fas and other death re-The TNF receptor family has been subdivided into
receptors that primarily promote cell death and recep- ceptors that can lead to cell death. Fas exists on the
cell surface in preassembled trimeric receptor com-tors that primarily promote cellular activation based on
their interactions with intracellular adaptors. Signal plexes that associate via a PLAD domain. Upon ligand
binding, receptor complexes cluster and recruit the DDtransduction that initiates apoptosis involves a cyto-
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binding protein FADD into the death-induced signaling pase 8 autoprocessing. The distinction between these
complex (DISC) (Chan et al., 2000). FADD also contains two disparate effects of c-FLIP activity may be deter-
a death-effector domain (DED) that allows it to directly mined in part by the splice variant of c-FLIP recruited
recruit procaspase 8 or procaspase 10 to the DISC to the DISC. c-FLIPS appears antiapoptotic because it
(Krammer, 2000). Through induced proximity, procas- effectively blocks caspase 8 recruitment to the DISC.
pase molecules can then trans-process one another and c-FLIPL, in contrast, has been reported in some cases
become active. TNFR-1 also activates caspases 8 and to increase caspase 8 aggregation and autoproteolytic
10 through FADD, but TNFR-1 requires TRADD to act activation, although this appears to depend on the cell
as an adaptor between the receptor and FADD. Once type in study and c-FLIPL expression levels. Generally,
active, caspases 8 and 10 can cleave a variety of intra- however, in vivo experiments have shown c-FLIPL to in-
cellular substrates, including caspase 3 and the BH3- hibit the activation of caspase 8 by blocking recruitment
containing protein Bid to generate tBid (Desagher and of caspase 8 to the DISC and may instead promote
Martinou, 2000). The generation of tBid by Fas allows survival by activating the NF-B and Erk signaling path-
the simultaneous activation of Bax and Bak to induce ways (Kataoka et al., 2000).
mitochondrial damage, which amplifies caspase activa- The inhibitor of apoptosis (IAP) family of proteins can
tion and ensures cell death. Depending on the cell type, also regulate caspase activation and activity. The IAP
Bid cleavage and the subsequent mitochondrial damage proteins XIAP, cIAP1, and cIAP2 contain baculoviral IAP
may or may not be required for cell death (Scaffidi et repeat (BIR) domains and a C-terminal RING-finger.
al., 1998). In the immune system, most cells that are Through the BIR domain, IAP molecules bind and di-
sensitive to death via Fas do not require Bid to initiate rectly inhibit caspases (Yang and Li, 2000). IAPs also
cell death and the Fas and Bcl-2 pathways appear to can target caspases for ubiquitination and degradation
act independently (Strasser et al., 1995; Yin et al., 1999; through the activity of their RING-finger domain. IAPs
Lindsten et al., 2000). In the liver, however, Bid is re- themselves are subject to inhibition by the mitochondrial
quired for Fas-induced apoptosis (Yin et al., 1999). An proteins SMAC/DIABLO (Matsuyama and Reed, 2000)
alternate pathway utilized by Fas to induce cell death and Omi/HtrA2 (Suzuki et al., 2001). Because SMAC/
is via the kinase RIP. In this pathway, RIP is directly DIABLO and Omi/HtrA2 are located in the intermem-
recruited to Fas and activates a caspase-independent brane space of the mitochondria of mammalian cells,
death pathway that resembles necrosis (Mullauer et al., however, their role in death-by-neglect may be to ensure
2000). The balance between the recruitment of FADD rapid elimination of cells after mitochondrial disruption
and RIP by Fas to activate these alternate pathways is and commitment to death. In addition, IAPs affect signal
unclear and will be an important question to answer in transduction pathways and interact with TRAF1 and
the future as necrotic and apoptotic cell deaths can have TRAF2 as a part of TNF receptor signaling complexes
significant implications on the response of the immune that activate NF-B.
system to dying cells, with necrotic cell deaths being The ability of c-FLIPL and the IAPs to activate down-
generally proinflammatory and apoptotic cell deaths be- stream signaling cascades suggests that in addition to
ing generally immunologically silent or tolerogenic (Grif- stimulating cell death, one function of Fas and TNFR-1
fith et al., 1996; Sauter et al., 2000). may be to transmit activation or differentiation signals.
Inhibitors of Death Receptors Fas has been reported to promote the survival and
As with other TNF receptor family members, ligand bind- growth of antigen-stimulated human T cells in some
ing to Fas does not always result in cell death. This circumstances (Kennedy et al., 1999; Chun et al., 2000).
dichotomy in Fas signal transduction may be explained Fas-mediated cellular activation may play a role in thy-
by the regulated expression of inhibitors of the death mocyte development, when Fas is expressed at high
receptor pathway. An important regulator of Fas and levels but is not thought to regulate apoptosis. This is
TNFR-1 signaling is the cellular homolog of viral FLICE-
suggested by the rescue of lpr mice from autoimmunity
Inhibitory Protein (c-FLIP, also called I-FLICE, FLAME,
by expression of a TCR-only transgene (Perkins et al.,
CASH, CLARP, MRIT, and Usurpin). Cellular-FLIP is a ho-
1996). Because endogenous TCR rearrangements aremolog of caspase 8 that consists of two DED domains
sufficient to generate a functionally complete immuneand a caspase proteolytic domain. Unlike caspase 8, how-
repertoire, the prevention of autoimmunity in the ab-ever, c-FLIP does not have a functional caspase enzymatic
sence of Fas by transgenic TCR expression was mostactive site and is unable to cleave cellular substrates. Two
likely not due to a failure to produce autoreactive T cells.alternatively spliced forms of c-FLIP have been described,
Rather, transgene-enforced TCR  chain expressiona short form (c-FLIPS) that includes only the two DED
may have made thymocytes independent of a Fas-medi-domains and a long form (c-FLIPL) that also includes the
ated activation signal. Loss of positive signaling fromcaspase-like domain. Upon receptor engagement and
Fas through c-FLIP may also explain the immunodefi-DISC formation, both forms of c-FLIP can be recruited
ciency that has been reported in some ALPS patientsto FADD by DED interaction (Krammer, 2000).
(Wang et al., 1999) as well as in the immunodeficiencyIn the DISC, c-FLIP has been described alternately as
observed in mice deficient in FADD (Zhang et al., 1998).an inhibitor or activator of caspase 8 processing and
Modulation of Death Receptor Functionapoptosis. As an inhibitor of cell death, c-FLIP may act
Lymphocytes regulate c-FLIP and IAP proteins to modu-by blocking caspase 8 recruitment to the receptor com-
late their response to Fas or TNFR-1-induced apoptosis.plex or may inhibit full proteolytic processing of caspase
Both T and B cells express low levels of Fas when rest-8 to its active form. As an activator of cell death, c-FLIP
ing. Activation, however, increases Fas expression andhas been proposed to act as a scaffold, enhancing re-
cruitment of caspase 8 to the DISC and promoting cas- can render cells sensitive to death via Fas but only under
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Like c-FLIP, IAPs are also regulated by signal transduc-
tion from cell surface receptors, as the IAP protein sur-
vivin can be upregulated by signals from CD40 (Gran-
ziero et al., 2001) and cIAP2 is upregulated by NF-B
(Chu et al., 1997). In addition, if the IAP protein XIAP is
overexpressed as a T cell-specific transgene, T cells are
resistant to multiple death stimuli and mice develop
lymphoid hyperplasia (Conte et al., 2001).
Apoptotic Pathways and Disease
Our understanding of the genetic regulation of cell death
in the immune system has developed rapidly over the
past several years. We now have a broad understanding
of major death pathways used by the immune system
for proper development, to maintain peripheral homeo-
stasis, and to prevent autoimmunity. In the neglect path-
way, cells that fail to receive signals from antigen recep-
tors or cytokines fail to sustain sufficient uptake and
utilization of nutrients to maintain the trophic state of
the cell. In a manner that depends on Bim, Bax, and
Bak and is inhibited by Bcl-2 and Bcl-xL, mitochondrial
integrity fails under conditions when cells are depleted
of intracellular metabolites and cells are committed to
Figure 3. Fas Signals Can Be Modulated to Be Proapoptotic or die by apoptosis. In the receptor-initiated death path-
Antiapoptotic
way, cells that bind antigen become sensitized to un-
Resting lymphocytes are resistant to Fas-induced apoptosis. Stimu-
dergo apoptosis. Activated cells that fail to be properlylation (T cell stimuli are denoted in red, B cell stimuli are denoted
costimulated, such as generally occurs for autoreactivein blue) can render lymphocytes sensitive to apoptosis by Fas or
cells, are then subject to elimination by Fas-initiatedinhibit Fas-induced apoptosis and may instead cause Fas to invoke
antiapoptotic signaling pathways. signal transduction.
The benefit of studying these pathways is clearly dem-
onstrated by the wide variety of diseases that are now
known to occur as a result of defects in apoptotic regula-particular activation conditions (Figure 3). Potently or
repeatedly stimulated T cells upregulate FasL and un- tion. These defects cause autoimmune diseases, such
as defects in the Fas pathway that lead to Autoimmunedergo suicide or fratricide via Fas (Krammer, 2000). Sen-
sitivity to Fas-mediated apoptosis is dependent on the Lymphoproliferative Syndrome, and immunodeficiency
diseases, such as defects in cytokine signal transduc-cytokine IL-2. IL-2 is produced as an autocrine growth
signal upon T cell activation that can increase T cell sur- tions that lead to Severe Combined Immunodeficiency
Syndrome. Apoptosis also plays a critical role in tumoro-vival and proliferation. In addition, however, IL-2 promotes
FasL expression and the downregulation of c-FLIP (Refaeli genesis, as oncogenes and tumor suppressors including
c-Myc and PTEN often affect apoptotic pathways. Aet al., 1998; Van Parijs et al., 1999b). If T cells are pro-
vided with sufficient costimulation through CD28, FasL large number of genes that directly regulate apoptosis
have also been implicated in the tumorigenesis, the mostlevels remain low, c-FLIP levels remain high, and T cells
are resistant to Fas-mediated apoptosis (Kirchhoff et classic being overexpression of Bcl-2 in the pathogene-
sis of follicular lymphoma. More recently, a variety ofal., 2000), despite the presence of IL-2, which is pro-
duced upon CD28-mediated costimulation. B cells be- apoptosis-inducing genes have been reported to func-
tion as tumor supressors, including Bax (Meijerink et al.,come sensitive to Fas-mediated apoptosis after upregu-
lation of Fas by stimulation through the TNF receptor 1998), Apaf-1 (Soengas et al., 2001), and Fas (Landowski
et al., 2001). In addition, apoptotic regulation is oftenfamily member CD40 (Rothstein et al., 1995). Signals
through sIg or the IL-4 receptor, however, can render B disrupted by pathogens. A common viral strategy to
avoid elimination, for example, is to prevent apoptoticcells resistant to Fas by causing upregulation of c-FLIP
(Hennino et al., 2000; Wang et al., 2000) during B cell mechanisms from eliminating infected host cells, such
as by expression of Bcl-2-like molecules, inhibitingactivation or in the germinal centers (Hennino et al.,
2001). The importance of downregulating or failing to death receptor activation, or by inhibiting caspase activ-
ity (Xu et al., 2001).upregulate c-FLIP to render autoreactive lymphocytes
sensitive to Fas-mediated apoptosis is demonstrated Despite gains in understanding these pathways, a
large number of questions remain. One critical questionby the autoimmune phenotype of mice in which c-FLIP
is constitutively expressed in both B and T cells (Van is what causes the activation of Bim, Bax, and Bak to
induce the loss of mitochondrial integrity. The regulationParijs et al., 1999b).
IAP proteins can also regulate lymphocyte sensitivity and role of c-FLIP and the IAP proteins in mediating
signals that promote survival, such as NF-B, versusto Fas-mediated apoptosis. IAPs can bind activated
caspases and target their ubiquitination and degrada- inhibiting cell death by blocking cell death receptor-
induced caspase activation is also unclear. Addressingtion. However, IAPs also can induce their own degrada-
tion in response to apoptotic stimuli (Yang et al., 2000). these and the many related issues in immune cell death
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Conlon, I., and Raff, M. (1999). Size control in animal development.through genetic and biochemical analysis will greatly
Cell 96, 235–244.increase the understanding of a broad range of cell
Conte, D., Liston, P., Wong, J.W., Wright, K.E., and Korneluk, R.G.death disorders in the immune system and may open
(2001). Thymocyte-targeted overexpression of xiap transgene dis-new therapeutic avenues for disease treatment.
rupts T lymphoid apoptosis and maturation. Proc. Natl. Acad. Sci.
USA 98, 5049–5054.
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